W ith the advent of temozolomide (TMZ), concomitant chemoradiation and maintenance chemotherapy with TMZ have become the worldwide standard treatment for malignant gliomas (MGs), especially glioblastoma multiforme (GBM). 1 In GBM treatments, pseudoprogression (psPD) can be encountered with a relatively high frequency, especially in O 6 -DNA methylguanine-methyltransferase (MGMT) promoter methylated cases, 2 and intensive treatment might be the primary factor in psPD, as Brandsma et al reported. 3 Boron neutron capture therapy (BNCT) is biochemically targeted radiation based on the nuclear capture and fission reactions that occur when nonradioactive boron-10, which is a constituent of natural elemental boron, is irradiated with lowenergy thermal neutrons to yield high linear energy transfer alpha particles and recoiling lithium-7 nuclei. Because these particles are released within a very short range, such as 9 mm, the cytotoxic effects are confined within boron-10-containing cells. 4 Boron-10-containing compounds can be accumulated selectively into tumor cells by several mechanisms. For example, boronophenylalanine (BPA) is selectively and preferentially accumulated into tumor cells via the augmented metabolism of amino acids in comparison with normal cells. We applied BNCT aggressively to newly diagnosed and recurrent MGs. 5 -7 We previously reported a high incidence of psPD after BNCT, not only in MGs but also in malignant meningiomas. 8 However, it is difficult for us to estimate precisely the psPD occurrence rate after BNCT, because many cases were followed up after BNCT by physicians in charge in many towns in Japan. Nevertheless, we have the impression that psPD might occur more frequently by BNCT than by X-ray treatment and that the rate of psPD after BNCT might be higher in recurrent cases than in newly diagnosed cases.
Bevacizumab, an anti -vascular endothelial growth factor (VEGF) antibody, has been used for the treatment of symptomatic radiation necrosis (RN). 9, 10 It is difficult to definitively distinguish RN from psPD. We therefore applied intravenous administration of bevacizumab to cases we highly suspected to be symptomatic psPD encountered after BNCT for recurrent MGs. Here we report 2 successfully treated cases of symptomatic psPD after BNCT with bevacizumab.
Case Presentation

Case 1
A 56-year-old male experienced speech disturbance and consequently retired from his job. First he received a craniotomy in April 2008 with a diagnosis of gemistocytic astrocytoma followed by fractionated X-ray treatment (total 50 Gy) and repetitive chemotherapy with nitrosourea. In April 2011, a recurrent lesion appeared with gadolinium (Gd) enhancement on MRI. Re-craniotomy revealed GBM histologically. After surgery, the enhanced lesion gradually grew, and sensory aphasia was aggravated despite the repeated administration of TMZ. Also, carbon 11 -labeled methionine PET (C-Met-PET) showed high uptake of the tracer beyond the Gd-enhanced lesion. The patient was then referred to our institute for BNCT. Upon referral, MRI showed a small ringlike enhanced lesion having satellite-enhanced dots in the left temporal lobe, with a relatively large volume of fluid-attenuated inversion recovery (FLAIR) at high intensity, as shown in Fig. 1A and D. A simultaneous fluorine 18 -labeled (F)-BPA-PET image showed marked tracer uptake in the left temporo-parietal region, as shown in Fig. 2A , with a 5.5 lesion/normal (L/N) brain ratio of the tracer, indicating that the lesion was a highly malignant tumor.
We administered BNCT to our patient according to our recent protocol for recurrent MGs and malignant meningiomas. Briefly, only BPA was administered in the 2 h (200 mg/kg/h) just prior to neutron irradiation and then during neutron irradiation (100 mg/kg/h). The irradiation time was decided by simulation not to exceed 12.0 Gy-Eq (Gray-equivalent) for the peak brain dose. Using BNCT, we estimated maximum brain dose, maximum tumor dose, and minimum tumor dose as 10.8, 110, and 82.3 Gy-Eq, respectively. Here, Gy-Eq corresponds to the biologically equivalent X-ray dose that would have equivalent effects on tumors and on the normal brain. The dose estimation method was described previously. 8 One week after BNCT, anticoagulant and vitamin E were administered. This was for the prevention of RN, as we reported previously. 9 Right hemiparesis and aphasia occurred and became aggravated gradually after BNCT, even with an escalated dose of corticosteroids. Then, 4 months after BNCT, follow-up MRI and F-BPA-PET were applied simultaneously. In MRI, the Gd-enhanced lesion and the high-intensity area in FLAIR increased markedly ( Fig. 1B and E) . The second F-BPA-PET, taken 4 months after BNCT, showed decreased uptake of the tracer, as shown in Fig. 2B (L/N ratio, 4.7). Thereafter, the aggravation of clinical symptoms and MRIs was attributed not to tumor progression but to psPD.
We proposed bevacizumab treatment to the patient, his family, and the physician in charge. Thereafter, he was administered 5 mg/kg bevacizumab biweekly with 6 cycles. MRI taken after 3 cycles showed marked improvement in both Gd-enhanced and FLAIR images, as shown in Fig. 1C and F. The patient's speech disturbance and hemiparesis improved markedly by the treatment. The third F-BPA-PET, undertaken 8 months after BNCT with the patient in a stable state, showed a further decrease of tracer uptake, with an L/N ratio of 1.8, as shown in Fig. 2C . This finding suggests no tumor progression and good control of the tumor so far. The follow-up MRI showed no tumor progression (data not shown).
Case 2
A 27-year-old female developed left hemiparesis. A right frontal enhanced mass was removed gross totally in May 2005. The histological diagnosis was anaplastic oligoastrocytoma. She received fractionated X-ray treatment (total 72 Gy) and repetitive chemotherapy with nitrosourea. The lesion recurred and re-craniotomy was applied in November 2009 with the same pathological diagnosis. This was followed by successive TMZ chemotherapy. Unfortunately, the recurrence was confirmed by MRI and C-Met-PET, and the patient retired from her job as a nurse due to progression of left hemiparesis and seizures. She was referred to us for BNCT. Upon referral, MRI showed a Gd-enhanced lesion in the right frontal lobe with moderate perifocal edema, as shown in Fig. 3A and D.
For this case, BNCT was applied using the same protocol described in case 1. In BNCT, the maximum brain dose, maximum tumor dose, and minimum tumor dose were 11.5, 71.6, and 30.1 Gy-Eq, respectively. In this case, anticoagulant and vitamin E were also administered 1 week after BNCT to prevent RN. After BNCT, her hemiparesis became aggravated gradually even with an increasing dose of corticosteroids. MRI taken 2 months after BNCT showed an enlarged enhanced lesion with increased perilesional edema ( Fig. 3B and E). The patient had no chance to receive further amino acid PET, but we considered this aggravation as symptomatic of psPD based on the duration of aggravation after BNCT. This patient and her physician in charge also accepted our proposal of bevacizumab treatment on the same schedule and dosage described in case 1. The patient was bed-ridden just prior to bevacizumab treatment, but her hemiparesis improved markedly and she could walk after 2 cycles of the treatment. MRI taken after 4 cycles, at 6 months after BNCT, showed marked improvement not only in Gd enhancement but also in the perilesional edema in FLAIR images, as shown in Fig. 3C and F. Her clinical condition has remained stable and good since the treatment ended.
Discussion
In our limited experience, there is no obvious histological difference between RN and psPD. 8, 11 Necrosis is the central histopathological feature of each, and prominent angiogenesis is common at the boundary of central necrosis and normal brain tissue in each clinicopathological entity. Clinically, psPD usually occurs at a relatively early stage after some intensive treatments and is selflimiting. In most cases it improves over time without intensive treatments. On the other hand, RN often shows severe symptoms and occurs at least 6 months after radiotherapy. It is often long-lasting and improves only with intensive treatment, such as lesionectomy or bevacizumab administration. In human surgical specimens of RN, we previously demonstrated that overproduction of VEGF in reactive astrocytes in the perinecrotic area caused leaky angiogenesis, and this is the cause of perifocal edema in RN. 10 So we speculated that bevacizumab might neutralize this overproduced VEGF in the perinecrotic area and subsequently reduce the edema. 10 This is why we used bevacizumab for symptomatic psPD.
Originally, F-BPA-PET was developed for the simulation of absorbed dose in BNCT. 6, 12, 13 On the other hand, the background uptake of the tracer F-BPA is very low compared with that of fluorodeoxyglucose and even with that of methionine as a tracer. Thereafter, RN and psPD have been differentially diagnosed from tumor progression by F-BPA-PET. 8, 14 On the basis of our experience, an L/N ratio of ,2.0 in F-BPA-PET indicates a high possibility of RN and does not indicate tumor progression. We are now performing a nationwide multicenter clinical trial of bevacizumab treatment for symptomatic RN in the brain with diagnosis made by amino acid tracer PET. F-BPA-PET and C-Met-PET are equally useful for the differential diagnosis between RN and tumor progression. Both PETs show the same tendencies of tracer uptake and distribution, as Nariai et al reported. 15 Both cases presented here were recurrent MGs and had received fractionated X-ray treatment previously. They showed aggravated clinical symptoms and MRI results a couple of months after BNCT. Therefore, we considered both cases to be symptomatic psPD. Especially in case 1, repetitive F-BPA-PETs were applied before BNCT and upon aggravation after BNCT, as well as in a stable state during follow-up. The second F-BPA-PET showed a lower L/N ratio than the first, but it was still higher than our criterion for RN at the aggravation. This may suggest that the pathology of case 1 was psPD and not RN. Although the essential difference between them is still unclear, we speculated that they may have similar pathophysiology.
Usually we can treat asymptomatic psPD only with corticosteroids, or we can only observe the patient in asymptomatic psPD without treatments. Unfortunately, both cases presented here continued their clinical deterioration despite the escalating doses of corticosteroids. Fortunately, however, we used bevacizumab thereafter, to which both cases responded well. The physicians in charge decreased the corticosteroid dose for each patient after bevacizumab treatment.
To improve the effectiveness of radiotherapy, one study used bevacizumab with hypofractionated stereotactic irradiation for the treatment of recurrent MGs. 16 However, the literature contains no obvious reports about bevacizumab's effects on symptomatic psPD. We applied bevacizumab treatment to symptomatic RN in some cases, and all the patients responded well. 9 Based on these findings, as noted, we are performing a nationwide multicenter clinical trial of bevacizumab treatment for symptomatic RN in the brain. We therefore treated the present 2 cases with bevacizumab and confirmed marked effects. Some of the literature supports this concept. 17 We applied BNCT, a tumor-selective particle radiation, aggressively even for recurrent MGs with satisfactory results, as reported elsewhere. 7 In that previous report, we used Carson et al 18 as our reference regarding BNCT's effectiveness for recurrent MGs; those authors advocated, and we adopted, recursive portioning analysis (RPA) classification for recurrent MGs. In our previous report, 7 we showed good effectiveness, especially in poor prognosis groups (RPA classes 3 and 7 18 ) in BNCT in comparison with Carson's original data sets. Those authors reported that RPA classes 3 and 7 showed the poorest prognosis, with median survival times (MSTs) of 3.8 months and 4.9 months, respectively, after recurrence that followed some treatments. Both of the cases presented here should be considered RPA class 3 because they showed poor performance status at recurrence and because the initial histological diagnosis was not GBM. Carson's data sets revealed an MST of 3.8 months in RPA class 3 after recurrence. Both cases presented here survived more than 8 months after BNCT without tumor progression, continuing up to the writing of this manuscript. Although the 2 cases reported here are the only 2 that we have experienced with symptomatic psPD treated by bevacizumab after BNCT, BNCT plus bevacizumab at psPD improves a patient's condition and may prolong survival more effectively for recurrent MGs than we suggested in our previous report.
Bevacizumab treatment had no adverse effect in either of the present cases. As we described for each case, we routinely used anticoagulant after BNCT for recurrent MGs. This was to prevent anticipated RN. This anticoagulant administration probably decreases the possible adverse effects of thromboembolitic complications of bevacizumab, as we and Levin et al have reported. 9, 10 As noted at the beginning of this paper, it is widely accepted that MGMT promoter methylation status plays a significant role in the incidence of psPD in newly diagnosed GBM cases treated by concomitant chemo therapy and radiation.
2 So let us add finally some information regarding MGMT in both cases presented here. In case 1, MGMT protein expression was positive in immunohistochemistry, and in case 2, the MGMT promoter was methylated. These observations might suggest that MGMT status is not so important for the incidence of symptomatic psPD for recurrent MGs receiving BNCT.
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